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It is widely known that intestinal capacities such as the enzymatic hydrolysis of carbohydrates, lipids and
proteins, and the subsequent absorption of the hydrolyzed products, are evolutionary matched to dietary
loads and feeding behaviors. In this study, we demonstrate that the protein expression of apically located
sodium-dependent glucose cotransporter-1 (SGLT-1) throughout rat ontogeny is daily adjusted to afford
glucose uptake when the load of this metabolically essential monosaccharide in the intestinal lumen is
maximum. The jejunal expression of SGLT-1 protein in 14 one-day-old suckling pups was found to in-
crease at dark and early light phase (P < 0.05), when they have a better access to mother milk. In weaning
21-d-old and juvenile 28-d-old rats, the cotransporter expression was high throughout the entire day
(P < 0.05). Finally, adult 90-d-old rats showed a well-developed circadian rhythm for SGLT-1 protein
(P < 0.05), whose expression increased at late light and dark phase when the highest intestinal glucose
load was achieved. To our knowledge, these results are the first reporting the daily profile of SGLT-1
expression during rat early developmental stage and may contribute to understand the biological sig-
nificance of a well-established molecular capacity to deal with the crucial increase of glucose load in the
diet during the weaning process.
© 2019, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The energy intake necessary for animal growth and develop-
ment are provided by food processing in the gastrointestinal tract.
Since these processes are dynamic and the gastrointestinal tract has
phenotypic plasticity, intestinal functional capacities should be
adjusted to adequately meet increasing energy demands (Karasov
and Martinez del Rio, 2007; Iossa et al., 1999). In mammaliangmail.com (J.G. Chediack).
iation of Animal Science and
vier on behalf of KeAi
ence and Veterinary Medicine. Prod
nse (http://creativecommons.org/lispecies, the development of the small intestine during the early
stages of life is a fast and challenging process, going from liquid diet
during suckling to solid diet after weaning (Ferraris et al., 2000). In
rats, this switch involves aweaning stress of pups and the intestinal
physiology must be therefore adjusted to match these changes and
provide a continuous flux of nutrients, thus increasing the digestive
system efficiency to match the needs of growing rats (Ferraris et al.,
2000; Pacha, 2000; Henning, 1986).
Glucose is the most important nutrient acting as an energy
source for highly energy-demanding cells. In mammals, intestinal
D-glucose uptake is largely carried out by the sodium-dependent
glucose cotransporter-1 (SGLT-1) located in the apical membrane
of the enterocytes that line intestinal villi (Poulsen et al., 2015;
Wright et al, 2004). The SGLT-1 cotransporter protein has a pre-
dicted molecular weight (MW) of 73 kDa (Wright et al., 2004; Lee
et al., 1994). Expression of this protein in Sf9 cells using a baculo-
virus expression system showed the existence of a deglycosylated
SGLT-1 protein of 55 kDa MW (Smith et al., 1992). However, the
SGLT-1 protein presents several N-glycosylation sites, which resultsuction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
Fig. 1. The scheme represents the ages and zeitgeber time (ZT) of the day for jejunal
sampling.
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blot assays (Hirayama and Wright, 1992; Smith et al., 1992). In
addition, there is growing evidence that the SGLT-1 cotransporter
consists of functional polymeric arrangements (i.e. homotretameric
forms) at the enterocyte apical membrane (Stevens et al., 1990).
To our knowledge, only one study has reported the SGLT-1
protein expression during the ontogeny development of rats, in
which it was found that the expression of this protein was higher
in weanling rats compared with suckling and adult ones (Khan
et al., 2000).
Intestinal transporters expression and absorptive functions have
long been known to exhibit daily rhythms in animals (Hussain and
Pan, 2015) and particularly in adult rats (Corpe and Burant, 1996;
Castello et al., 1995; Stevenson and Fierstein, 1976). This daily
rhythm is matched to nutrient availability and cued to the feeding
rhythm rather than to the light cycle, unlike the endogenous
circadian rhythms generated by the suprachiasmatic nucleus
(Damiola et al., 2008). A daily rhythm of intestinal glucose ab-
sorption has been well established, with a peak of glucose trans-
porter activity that matches the nocturnal feeding habits of these
rodents (Fisher and Gardner, 1976; Stevenson et al., 1975).
Furthermore, several studies have determined that circadian
glucose uptake is associated to the expression of mRNA and protein
of the intestinal SGLT-1 in adult rats (Stearns et al., 2009;
Balakrishnan et al., 2008; Pan et al., 2004; Tavakkolizadeh et al.,
2001). However, no information has yet been reported on the
daily expression rhythm of the SGLT-1 cotransporter protein for
suckling, weaning and weanling rats, even though day to day
rhythmic changes may be of importance for this animal's physi-
ology. A daily rhythm of the SGLT-1 cotransporter protein would
secure an optimal absorption of the nutritional substrates during
rat ontogeny development and prevent a waste of energy and
membrane space (Diamond, 1991).
Hence, our goal was to characterize the daily expression profile
of the jejunal SGLT-1 protein during rat ontogeny, focusing on this
protein expression during the first stage of postnatal development
(first month of life), when the switch from a liquid diet provided by
the mother to a self-independently gathered solid diet triggers
pivotal adjustments of the digestive and absorptive functions
(Pacha, 2000; Henning, 1986). We hypothesize that rats will exhibit
different daily profiles for intestinal SGLT-1 protein expression
throughout their ontogeny development, and we predict that
suckling rats will exhibit a maximal diurnal cotransporter protein
expression when mothers rest and they thus have more access to
the mother's milk. At the weanling stage, the SGLT-1 expression
would be high along the entire day to maximize glucose absorption
to afford the highly growing rate at this ontogeny stage, and finally
the adult pattern of SGLT-1 expressionwould rise at night matching
the typical rat nocturnal feeding habits.
2. Materials and methods
2.1. Animals
The experimental protocol was approved by the Institutional
Care and Use Committee for Experimental Animals, from the Uni-
versidad Nacional San Luis, Argentina (Nº B-31/06). Adult
SpragueeDawley rats (10 males, 20 females) were purchased from
BIO-FUCAL S.A. (Del Viso, Buenos Aires, Argentina) and housed in
the animal facilities at Universidad Nacional de San Luis. Rats were
acclimated during 2 weeks to a 12 h light-dark photoperiod (light
period from 06:00 to 18:00), with a room temperature (RT) of
22 ± 2 C and a relative humidity of (55 ± 5)%. Rats had ad libitum
access to water and standard rodent chow (A.C.A., Division de
Nutricion Animal, Argentina. Composed by maximun of 23%protein, 5% lipids, 6% crude fiber, 10% minerals, 12% humidity and
44% carbohydrates. Metabolizable energy 2,900 to 3,100 kcal/kg)
throughout the entire study.
Two female and 1 male were mated in the same cage for one
week, and all animals were then housed individually. Pregnant rats
were regularly watched to record the pup births (recorded as d 1).
On the second day after birth, the littermates were adjusted to 10
pups by mother in order to uniform the pups demand on the
mother's milk. At 21 d of age, pups were artificially weaned to
simulate the natural process (Redman and Sweney, 1976) and
maintained at the same room and feeding conditions mentioned
above during entire experimental period.2.2. Experimental design
Twenty four 14-d-oldmale pups and 20male rats of 21-, 28- and
90-d-old from different litters were weighed and euthanized by
decapitation at zeitgeber time (ZT): ZT3 (09:00), ZT9 (15:00), ZT15
(21:00) and ZT21 (03:00); specifically, 6 rats each time for 14-d-old
and 5 rats each time for rest ages. Light in animal room was on at
06:00 (ZT0) and off at 18:00 (Fig. 1).
Immediately after euthanization, the entire small intestine was
removed by a fast laparotomy and placed in ice-cold mammals
Ringer's saline solution (pH 7.4). After cleaning to remove the
connective and adipose adjacent tissues, it was rinsed inside with
ice-cold Ringer saline solution, and weight and length were
recorded. Finally, it was divided into 3 equivalent segments and
only the middle segment, representative of the jejunum, was kept
for the subsequent experiments. All tissues were immediately
snap-frozen in liquid nitrogen and maintained at 120 C in an
ultrafreezer (Revco - Ultima II).2.3. Sample preparation
Jejunal tissues were thawed at 4 C, cut into small pieces and
mechanically homogenized in 5 mL/g wet tissue of ice-cold Tris-
EDTA hypotonic lysis buffer (pH 7.4), with 1 mmol/L of phenyl-
methylsulfonyl fluoride (PMSF) and 1% proteases inhibitor cocktail
(Sigma). Homogenates were then centrifuged at 2,500  g at 4 C
for 20 min to separate the cellular debris. Supernatant was recov-
ered and quickly separated into 20 mL aliquots, which were
immediately snap-frozen in liquid nitrogen and stored at 120 C.
The protein concentration of the samples was assessed by the
bicinchoninic acid (BCA) assay with a commercial kit (Pierce, BCA
Protein Assay Kit) according to the manufacturer's instructions.
Fig. 2. Body mass (filled circle, continuous line) and small intestine mass (filled tri-
angle, dotted line) through rat ontogeny. The insert graph denotes the ratio of small
intestine mass to body mass (SIM:BM ratio) vs. age. The values represent mean
values ± SEM. Data with different letters differ at P < 0.05, and n ¼ 20 individuals for
each age.
J.I. Baston et al. / Animal Nutrition 5 (2019) 290e2962922.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblot assay
After thawing the homogenates aliquots at 4 C, 50 mg of total
proteins were boiled for 5 min in Laemmli sample buffer. Proteins
were resolved by electrophoresis in 8% polyacrylamide gel with SDS
and subsequently electroblotted onto a polyvinylidene fluoride
(PVDF) membrane (Sigma) for 2 h at 4 C. The PVDFmembrane was
cut into 2 pieces at 45 kDaMW standard. The upper membranewas
used for SGLT-1 immune-detection, and the lower piece for a-actin
immune-detection. Alpha-actin protein was used as gel loading
control and for optical densitometry (OD) normalization in the
densitometric analysis of the bands.
For the immunodetection of the SGLT-1 protein, the PVDF
membranes were hydrated in absolute methanol for 30 s, washed
5 min in Tween-Tris buffered saline solution (TTBS, 0.1% Tween 20
in Tris Buffer solution, pH 7.5) and blocked for 1 h at room tem-
perature with 5% (wt/vol) of non-fat dry milk diluted in TTBS. Then,
the membranes were rinsed once with TTBS and incubated over-
night at 4 C with a rabbit anti-rat SGLT-1 primary antibody
(Chemicon International, AB1352), diluted 1:2,000 in TTBS with 1%
(wt/vol) non-fat dry milk and 0.02% (vol/vol) Timerosal (pH 7.5).
Afterward, the membranes were washed with TTBS 5 times for
5 min to remove the residual unbound primary antibody and,
incubated 2 h at room temperature with a goat anti-rabbit immu-
noglobulin G (IgG) secondary antibody conjugated to horseradish
peroxidase (HRP) enzyme (Chemicon International, AP307P),
diluted 1:10,000 in the same solution as primary antibody. Finally,
the membranes were rinsed with TTBS 5 times for 5 min to remove
residual secondary antibody, incubated with a chemiluminescent
substrate (Pierce, Super SignalWestPico), and immediately exposed
to a X-ray film (Kodak, BioMax Light) into a dark room.
The immunodetection procedure for a-actin protein was the
same as that for the SGLT-1 protein, with the following difference:
the membrane was incubated for 2 h at room temperature with a
rabbit anti- a-actin primary antibody (Sigma, A2066) diluted
1:1,000.
All steps of the immunodetection procedure were carried out
with gentle agitation. The immunodetection of each sample was
performed in 2 independent experiments in order to verify the
experimental reproducibility. The OD analysis of the bands was
performed with the free-access ImageJ software (NIH software).
The OD values of SGLT-1 bands were relativized by the a-actin OD
values for each sample and this ratio was used for the statistical
analyses.
2.5. Inhibition assay
A representative sample from each experimental age was
resolved by SDS-PAGE and immunoblotted as described above,
except that the primary anti-SGLT-1 antibody, diluted 1:3,000, was
previously incubated for 2 h at room temperature with a 30-fold
molar excess of its control immunogenic peptide (Chemicon In-
ternational, SGLT-1 control peptide AG661) to check the primary
antibody specificity. In parallel to this inhibition assay, a control
assay was carried out without the immunogenic peptide under the
same experimental conditions.
2.6. Statistical analyses
Data are presented as the mean value ± SEM. One-way analysis
of variance (ANOVA) was applied to test for statistic differences and
Fisher (LSD) post-hoc test was used for intergroup comparison.
Values were considered as statistically significant at P < 0.05. The
numerical values of SGLT-1:a-actin OD ratio were logarithmicallytransformed to accomplish with the data normality assumption,
which was confirmed by the ShapiroeWilk test. Sodium-
dependent glucose cotransporter-1 protein expression at each
experimental ZT was calculated by the sum of all MW bands
immunodetected at each experimental time, and the total daily
SGLT-1 protein expression at each age was calculated as the sum of
all immunodetected bands at all experimental time for each age.
3. Results
3.1. Body and small intestine mass
The growth rate of live body mass was slower than that of small
intestine during early developmental stages (from birth to 28-d-
old). Subsequently, the body mass increased until the individuals
became adult rats, and the small intestine mass showed a pro-
gressive growth rate among the different ages studied (Fig. 2). The
different growth rate is clearly shown by the ratio of small intestine
mass to body mass of the same individual, with the highest ratio
being obtained for 21- and 28-d-old rats, an intermediate ratio for
14-d-old pups and the lowest for adult rats (Fig. 2).
3.2. Ontogeny and circadian rhythms of sodium-dependent glucose
cotransporter-1 protein expression
Western blot assays of jejunal homogenates showed 4 different
immune-reactive bands for SGLT-1, 3 of them with relative MW of
55, 60 and 72 kDa corresponding to nude, partially and whole
glycosylated protein variants, respectively, and one 225 kDa band
corresponding to the tetrameric arrangement of apical SGLT-1
cotransporter (Khan et al., 2000; Stevens et al., 1990). Jejunal
samples from suckling 14-d-old pups showed the 4 different
immune-reactive bands with relative MW of 55, 60, 72 and
225 kDa. The 3 lower MW bands were present at every experi-
mental time, but the 225 kDa band was only present at ZT3
(Fig. 3A). Weaning 21-d-old rats showed 3 immune-reactive bands,
with relative MWof 55, 72 and 225 kDa, at every experimental time
studied (Fig. 3B). Juvenile 28-d-old rats exhibited 3 immune-
reactive bands at ZT9, ZT15 and ZT21 with relative MW of 55, 72
and 225 kDa, but they showed only the 72 kDa band at ZT3 (Fig. 3C).
Finally, adult 90-d-old rats showed 4 immune-reactive bands at
ZT9, ZT15 and ZT21 with relative MWof 55, 60, 72 and 225 kDa, but
only 72 kDa band could be detected at ZT3 in adult rats (Fig. 3D).
Fig. 3. Western blot images are representative of 2 independent assays illustrating the molecular SGLT-1 protein expression in jejunum at the different experimental zeitgeber time
(ZT) in 14- (A), 21- (B), 28- (C) and 90-d-old (D) rats. Fifty microgram of total homogenated proteins were loaded by line in an 8% acryl-bisacrylamide denaturizing gel. Molecular
weight standards (kDa) are indicated in the left side of each immunoblot. The 42 kDa a-actin protein was employed as a loading control.
Fig. 4. Daily expression of SGLT-1 protein by 14-( , long dashed line), 21-( , short
dashed line), 28- ( , dotted line) and 90-d-old ( , solid line) rats at each experimental
zeitgeber time (ZT). Data represent mean values ± SEM of the logarithmic-transformed
of SGLT-1:a-actin ratio, and the value of SGLT-1 is the sum of all immune-detected
bands at each ZT. Significant differences (P < 0.05) among ZT at the same age are
indicated by different letters and among ZT at different ages by *, n ¼ 4 to 5 by ZT at
each age.
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cotransporter-1 antibody
To evaluate the specificity of SGLT-1 immune-reactive bands
detected byWestern blot assays, we carried out the blockade of the
anti-SGLT-1 primary antibody with its antigenic peptide. The pri-
mary antibody incubation with a 30-fold molar excess of their
specific antigenic peptide yielded an almost complete inhibition of
all immune-reactive bands at every age studied. This result sup-
ports the anti-SGLT-1 primary antibody specificity for the immune-
detected bands and indicates the SGLT-1 protein identity of the
Western blot assays.
3.4. Circadian expression of sodium-dependent glucose
cotransporter-1 throughout different developmental stages
Circadian expression of the SGLT-1 cotransporter protein was
calculated by adding up all immune-detected bands by Western
blot at each experimental time, in order to avoid any under esti-
mation of the cellular expression capacity for such protein.
Circadian changes on protein expression of SGLT-1 cotransporter
onlywere found in adult rats, showing a significant decrease of SGLT-
1 expression at ZT3 (P < 0.05; Fig. 4). Cotransporter levels at ZT9
decreased in suckling 14-d-old pups (P < 0.05; Fig. 4), but weaning
21-d-old and juvenile 28-d-old rats exhibited comparatively high
and almost constant daily levels of SGLT-1 expression (Fig. 4).
3.5. Total daily expression of sodium-dependent glucose
cotransporter-1 protein at the different stages of rat ontogeny
In order to evaluate the total SGLT-1 protein expression
throughout the whole day, we summed the values of all immune-
detected bands at the 4 experimental time by each age.There was a significant increase in the whole daily SGLT-1
protein expression levels in 21- and 28-d-old rats compared with
suckling 14-d-old rats (P < 0.05), but the daily cotransporter
expression exhibited a moderate decrease when the rats became
adults and consequently no significant differences were observed
between these 3 premature ages and the 90-d-old adults rats
(Fig. 5).
Fig. 5. Total daily expression of SGLT-1 protein at each experimental age. Data
represent mean values ± SEM of the logarithmic-transformed of SGLT-1:a-actin ratio,
and the value of SGLT-1 is the sum of all immune-detected bands at the 4 experimental
zeitgeber time (ZT). Significant differences (P < 0.05) among ages are indicated by
different letters, n ¼ 19 to 20 by age.
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Although it has been well established that nutrient transport
changes with age in mammalian species, little is known about daily
variations and ontogeny at molecular level in rats. The main
objective of this study was to examine the daily profile of the
expression of the jejunal SGLT-1 during rat ontogeny, focusing on
the period of diet switch around of first month of life.
In agreement with previously reported research (O'Connor and
Diamond, 1999; Toloza and Diamond, 1992), we found a significant
increase of the small intestine growth rate respect to the bodymass
growth rate for 21- and 28-d-old rats, and a lower but still signif-
icant growth rate for 14-d-old rats. This pattern is reasonable
because at these early ontogeny stages the small intestine is a key
organ in the acquisition of energy to sustain the active growth rate
of the whole organism (Hulbert and Else, 2000; Cant et al., 1996).
Hence, the understanding of the molecular machinery that affords
this high growing rate is quite relevant in developmental
physiology.
The lower SGLT-1 protein expression in 14-d-old rats in the af-
ternoon is tightly associated to the feeding behavior reported for
suckling rats. The increased SGLT-1 protein expression during night
and early morning allows to suckling rats have larger amounts of
cotransporter protein when the access to mother milk is available.
During this developmental stage, pups feed exclusively onmaternal
milk by short time periods because, since their psychomotor
development is not mature enough to follow the mother into the
nest, they suck the mother's milk when it is resting during the last
night phase and early morning (Redman and Sweney, 1976).
However, during the weaning stage the liquid and poor-
carbohydrates diet ingested by the suckling rats turn into a solid
and rich-carbohydrates one (O'Connor and Diamond, 1999;
Redman and Sweney, 1976). Thus, weaning rats need a highly
developed biochemical machinery to hydrolyze the complex
polysaccharides present in the solid diet (Henning, 1979, 1986;
Stevenson and Fierstein, 1976), and they need an adequate trans-
porter machinery to carry out the active uptake of the released
monosaccharides, including glucose, in order to satisfy the highly
energetic growth demands (Ferraris, 2001; Pacha, 2000). Hence,
the steady state of intestinal SGLT-1 cotransporter protein expres-
sion throughout the entire day during the weaning stage suggests
that themolecular capacity to uptake glucose in rat jejunum is huge
at this ontogeny stage, providing the necessary molecular supportfor the high nutritional requirements needed for the growth rate of
several organs, including the small intestine.
To date, there are few studies reporting circadian rhythms of the
biochemical capacity to digest and transport carbohydrates during
rat ontogeny. However, the lack of circadian rhythms at the post-
natal stage in rat ontogeny is not only restricted to SGLT-1
cotransporter protein expression. The presence of circadian
rhythms has been reported for the biochemical activity of intestinal
disaccharidases (i.e. lactase, maltase, isomaltase and sucrase) in 30-
d-old rats, when the weaning has ended, but not in 16- and 19-d-
old rats (Kojima et al., 1998; Saito et al., 1978).
A plausible explanation for the lack of circadian rhythms of
SGLT-1 protein expression in early developmental stage during rat
ontogeny can lie in the fact that the genes that constitute the pe-
ripheral circadian clock of several organs have not yet been
completely established during the first month of life (Polidarova
et al., 2014; Damiola et al., 2008; Stratmann and Schibler, 2006).
To date, we have not found any study about the peripheral circadian
clock genes expression in the small intestine tissue during rat
ontogeny. The relevance of these master peripheral clock genes lies
in the fact that they codify transcriptional-regulator molecules (i.e.
transcription factor) whose main function is to switch on or off
cellular genes expression (Hussain and Pan, 2015; Konturek et al.,
2011; Damiola et al., 2008; Stratmann and Schibler, 2006).
Iwashina et al. (2011) have reported that the circadian rhythms
of themRNA expression of the hexose transports genes, e.g., SGLT-1,
GLUT5 and GLUT2, in adult mice are driven by the food supply
schedule, peaking at the late light-phase, and that this daily
expression profile is tightly regulated by the peripheral core-
feedback clock genes (Hussain and Pan, 2015; Iwashina et al., 2011).
Only adult 90-d-old rats revealed a well-established circadian
rhythm expression for the cotransporter SGLT-1 protein. Similar
results are already reported by other studies (Stearns et al., 2009;
Balakrishnan et al., 2008). The physiological meaning of this daily
profile for the molecular expression of the cotransporter protein is
relevant, because it is closely associated with the diurnal profile
exhibited by adult rats for intestinal glucose absorption rate
assessed in vivo (Fisher and Gardner, 1976) and cotransporter levels
measured in vitro in duodenum (Pan et al., 2002) and jejunum
(Balakrishnan et al., 2008; Houghton et al., 2008), which showed
that the intestinal active glucose absorption rate was 50% to 60%
higher at night time respect to day time, matching the enhanced
levels of the SGLT-1 protein expression with the typical nocturnal
feeding behavior inherent to the adult rats. Accordingly, the results
obtained in adult individuals corroborate one of our hypotheses
that the circadian SGLT-1 protein expression levels in adult rats
match their typical nocturnal feeding habits. Therefore, the intes-
tinal machinery is ready when the maximal glucose bulk is in the
intestine to maximize the absorption of this metabolically essential
molecule.
The short-term changes of the cotransporter protein levels
throughout the day displayed by adult rats require the presence of
one or more quick-action molecular mechanism that allow enter-
ocytes to carry out SGLT-1 protein synthesis, degradation, vesicular
recruitment, or a combination of them. There are studies exploring
this issue that propose several molecular processes such as tran-
scriptional SGLT-1 gene regulation (Balakrishnan et al., 2008;
Rhoads et al., 1998), post-transcriptional or post-translational
regulation exerted by the vagal innervations (Houghton et al.,
2006), or intracellular SGLT-1 protein recruitment into early
endosomes (Khoursandi et al., 2004; Kipp et al., 2003). The results
of these studies are controversial, and a conclusive answer has not
been yet achieved related to how the luminal nutrients can influ-
ence the circadian SGLT-1 expression. Some in vivo studies sustain
that the diurnal rhythms of the intestinal peptides transporter 1,
J.I. Baston et al. / Animal Nutrition 5 (2019) 290e296 295and the SGLT-1 cotransporter, expression in adult rats is regulated
by the feeding conditions (Pan et al., 2004; Corpe and Burant,1996).
However, in an in situ study, Stearns et al. (2009), using a Thiry-
Vella loop in the jejunal segment from adults, to exclude the
luminal nutrients, demonstrated that the circadian cotransporter
protein expression is independent of the local luminal factors
placed into the jejunum, suggesting that the entrained mechanism
involved in the circadian SGLT-1 expression should be systemic
rather than local (Stearns et al., 2009).
Our results agree with the ontogeny profiles during rat growth
for D-glucose absorption rate measured in situ by a perfusion
technique (Khan et al., 2000) and the cotransporter uptake activity
measured in vitro by everted sleeves assay (Toloza and Diamond,
1992). In such profiles, the jejunal D-glucose absorption rate was
the lowest during the suckling period, peaked at the weaning stage
and slightly decreased when the rats reached adulthood, matching
the profile reported here for the total daily SGLT-1 protein
expression.5. Conclusion
In summary, one of themost relevant aspects of this study lies in
the fact that, to date, our results are the first reporting the daily
profile of SGLT-1 protein expression during rat early ontogeny. This
may contribute to understand the biological significance of a well-
established intestinal molecular capacity to deal with the crucial
increase of glucose load in the diet composition during theweaning
process. In this context, we have demonstrated that the daily in-
duction of SGLT-1 anticipates the onset of feeding bulk. A further
contribution of this study lies in the demonstration of the molec-
ular support provided by the developmental profile of SGLT-1
protein expression to the physiological cotransporter activity
measured in vivo and in vitro during rat ontogeny.Conflict of interest statement
We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, there is no professional or other personal interest of
any nature or kind in any product, service and/or company that
could be construed as influencing the content of this paper.Acknowledgments
We are very grateful to Samanta Funes and Claudia Gatica Sosa
for their helpful assistance during samples collection. We are in
debt with Dr. Rodrigo Villareal and Dr. Leonardo Seguin for their
useful technical suggestions on Western blot assays. We appreciate
language revision of the manuscript by the staff from the Instituto
de Lenguas, UNSL. This study was supported by PIP 2016e2018 by
CONICET, PROICO 2-0814 and PROICO 2-0516 by CyT-UNSL and
PICT-201-0595 by Agencia Nacional de Promocion Científica y
Tecnologica.References
Balakrishnan A, Stearns AT, Rhoads DB, Ashley SW, Tavakkolizadeh A. Defining the
transcriptional regulation of the intestinal sodium/glucose cotransporter using
RNA-interference mediated gene silencing. Surgery 2008;144:168e73.
Cant JP, McBride BW, Warren Jr JC. The regulation of intestinal metabolism and its
impact on whole animal energetic. J Anim Sci 1996;74:2541e53.
Castello A, Guma A, Sevilla L, Furriols M, Testar X, Palacín M, et al. Regulation of
GLUT5 gene expression in rat intestinal mucosa: regional distribution,circadian rhythm, perinatal development and effect of diabetes. Biochem J
1995;30(1):271e7.
Corpe CP, Burant CF. Hexose transporter expression in rat small intestine: effect of
diet on diurnal variations. Am J Physiol 1996;271:G211e6.
Damiola F, Le Minh N, Preitner N, Kornmann B, Fleury-OlelaF, Schibler U.
Restricted feeding uncouples circadian oscillators in peripheral tissues from the
central pacemaker in the suprachiasmatic nucleus. Genes Dev 2008;14:
2950e61.
Diamond JM. Evolutionary design of intestinal nutrient absorption: enough but not
too much. News Physiol Sci 1991;6:92e6.
Ferraris RP. Dietary and developmental regulation of the intestinal sugar transport.
Biochem J 2001;360:265e76.
Ferraris RP, Buddington RK, David ES. In: Walker WW, Sanderson IR, editors.
Ontogeny of nutrient transporters. The development of the gastrointestinal
tract; 2000. p. 123e46.
Fisher RB, Gardner MLG. A diurnal rhythm in the absorption of glucose and water
by isolated rat small intestine. J Physiol 1976;254:821e5.
Henning SJ. Biochemistry of intestinal development. Environ Health Perspect
1979;33:9e16.
Henning SJ. Development of the gastrointestinal tract. Proc Nutr Soc
1986;45:39e44.
Hirayama BA, Wright EM. Glycosylation of the rabbit intestinal brush border Naþ/
glucose cotransporter. Biochim Biophys Acta 1992;1103:37e44.
Houghton SG, Iqbal CW, Duenes JA, Fatima J, Kasparek MS, Sarr MG. Coordinated,
diurnal hexose transporter expression in rat small bowel: implication for small
bowel resection. Surgery 2008;143:79e93.
Houghton SG, Zarroug AE, Duenes JA, Fernandez-Zapico ME, Sarr MG. The diurnal
periodicity of hexose transporter mRNA and protein levels in the rat jejunum:
role of vagal innervations. Surgery 2006;139:542e9.
Hulbert AJ, Else PL. Mechanisms underlying the cost of living in animals. Annu Rev
Physiol 2000;62:207e35.
Hussain MM, Pan X. Circadian regulation of macronutrient absorption. J Biol
Rhythms 2015 Dec;30(6):459e69.
Iossa S, Lionetti L, Mollica MP, Barletta A, Liverini G. Energy intake and utilization
vary during development in rats. J Nutr 1999;129:1593e6.
Iwashina I, Mochizuki K, Inamochi K, Goda T. Clock genes regulate the feeding
schedule-dependent diurnal rhythm changes hexose transporter gene expres-
sions through the binding of BMAL1 to the promoter/enhancer and transcribed
regions. J Nutr Biochem 2011;22:334e43.
Karasov WH, del Rio C Martinez. Physiological ecology: how animals process en-
ergy, nutrients, and toxins. Princeton: Princeton University Press; 2007.
Khan JM, Wingertzah MA, Teichberg S, Vancurova I, Harper RG, Wapnir RA.
Development of the Intestinal SGLT1 transporter in rats. Mol Gen Met
2000;69:233e9.
Khoursandi S, Scharlau D, Herter P, Kuhnen C, Martin D, Kinne RKH, et al. Different
modes of sodium-D-glucose cotransporter-mediated D-glucose uptake regula-
tion in Caco-2 cells. Am J Physiol 2004;287:C1041e7.
Kipp H, Khoursandi S, Scharlau D, Kinne RKH. More than apical: distribution of
SGLT1 in Caco-2 cells. Am J Physiol 2003;285:C737e49.
Kojima T, Nishimura M, Yajima T, Kuwata T, Suzuki Y, Goda T, et al. Effect of
intermittent feeding on the development of disaccharidase activities in artifi-
cially reared pups. Comp Biochem Physiol Part A 1998;121:289e97.
Konturek PC, Brzozowski T, Konturek SJ. Gut clock: implication of circadian rhythms
in the gastrointestinal tract. J Physiol Pharmacol 2011;62(2):139e50.
Lee W, Kanai Y, Wells RG, Hediger MA. The high affinity Naþ/glucose cotransporter.
J Biol Chem 1994;269(16):12032e9.
O'Connor TP, Diamond JM. Ontogeny of intestinal safety factors: lactase capacities
and lactose loads. Am J Physiol 1999;276:R753e65.
Pacha J. Development of intestinal transport function in mammals. Physiol Rev
2000;80(4):1633e67.
Pan X, Terada T, Irie M, Saito H, Inui K. Diurnal rhythm of Hþ/peptide cotransporter
in rat small intestine. Am J Physiol 2002;283:G57e64.
Pan X, Terada T, Okuda M, Inui K. The diurnal rhythm of the intestinal trans-
porters SGLT1 and PEPT1 is regulated by the feeding conditions in rats. J Nutr
2004;134:2211e5.
Polidarova L, Olejníkova L, Pauslyova L, Sladek M, Sotak M, PachaJ, et al. Develop-
ment and entrainment of the colonic circadian clock during ontogenesis. Am J
Physiol (Gastrointest Liver Physiol) 2014;306(4):G346e56.
Poulsen SB, Fenton RA, Rieg T. Sodium-glucose cotransport. Curr Opin Nephrol
Hypertens 2015 Sep;24(5):463e9.
Redman RS, Sweney LR. Changes in diet and patterns of feeding activity in devel-
oping rats. J Nutr 1976;106:615e26.
Rhoads DB, Rosenbaum DH, Unsal H, Isselbacher KJ, Levitsky LL. Circadian period-
icity of intestinal Naþ/glucose cotransporter 1 mRNA levels is transcriptionally
regulated. J Biol Chem 1998;273(16):9510e6.
Saito M, Suda M, Matzuda H. Postnatal development of circadian rhythms in disac-
charidase activities in rat small intestine. Am J Physiol 1978;234(5):E500e3.
Smith CD, Hirayama BA, Wright MW. Baculovirus-mediated expression of the Naþ/
glucose cotransporter in Sf9 cells. Biochim Biophys Acta 1992;1104:151e9.
Stearns AT, Balakrishnan A, Rhoads DB, Ashley SW, Tavakkolizadeh A. Diurnal
expression of the rat intestinal sodiumeglucose cotransporter 1 (SGLT1) is in-
dependent of local luminal factors. Surgery 2009;145:294e302.
J.I. Baston et al. / Animal Nutrition 5 (2019) 290e296296Stevens BR, Fernandez A, Hirayama BA, Wright EM, Kempner ES. Intestinal brush
border membrane Naþ/glucose cotransporter functions in situ as a homote-
tramer. Proc Natl Acad Sci USA 1990;87:1456e60.
Stevenson NR, Fierstein JS. Circadian rhythms of intestinal sucrase and glucose
transport: cued by time of feeding. Am J Physiol 1976;230(3):731e5.
Stevenson NR, Ferrigni F, Parnicky K, Day S, Fierstein JS. Effect of changes in
feeding schedule on the diurnal rhythms and daily activity levels of intestinal
brush border enzymes and transport systems. Biochim Biophys Acta
1975;406:131e45.Stratmann M, Schibler U. Properties, entrainment, and physiological functions of
mammalian peripheral oscillators. J Biol Rhythms 2006;21(6):494e506.
Tavakkolizadeh A, Berger UB, Shen KR, Levitsky LL, Zinner MJ, Hediger MA, et al.
Diurnal rhythmicity in intestinal SGLT-1 function, Vmax, and mRNA expression
topography. Am J Physiol (Gastrointest Liver Physiol) 2001;280:G209e15.
Toloza EM, Diamond JM. Ontogenetic development of nutrient transporters in rat
intestine. Am J Physiol 1992;263:G593e604.
Wright EM, Loo DDF, Hirayama BA, Turk E. Surprising versatility of Naþ/Glucose
cotransporters: SLC5. Physiology 2004;19:370e6.
